Abstract: Pheromone-baited traps have proven highly effective for managing insect pests by selectively removing reproductively active adults prior to mating. Here, we report a field test of two pheromones produced by the sea lamprey, Petromyzon marinus, which may be useful for controlling pest populations in the Laurentian Great Lakes. In the Trout River, Michigan, we demonstrated that (i) 90% of actively migrating sea lampreys could be drawn into streams treated with a migratory pheromone and (ii) lampreys were three times more likely to enter a barrier-integrated trap in a treated stream when pheromone was discharged directly through that trap (vs. an adjacent, unbaited trap). In a second experiment, we baited three traps with spermiating males (that are known to release a sex pheromone) to investigate how the quantity and spatial distribution of multiple pheromone signals would affect our ability to trap ovulating females. We found that mature females showed a strong tendency to select traps with multiple males over a trap with a single male when the signals were encountered simultaneously, but not when encountered sequentially. Our results strongly suggest pheromones may prove highly effective as attractants in trap-based management tactics for sea lamprey in the Great Lakes.
Introduction
The sea lamprey, Petromyzon marinus, is a voracious parasite of the large-bodied fishes that inhabit the Laurentian Great Lakes and threatens a fishery valued at $1.55 billion per year (Ferreri and Taylor 1999) . Traditional sea lamprey control has relied heavily on the use of the lampricide 4-nitro-3-(trifluoromethyl)phenol (TFM) to exterminate larvae prior to metamorphosis into the parasitic life stage. Though effective, costs for lampricide application are large, and del-eterious effects on non-target species (e.g., lake sturgeon (Acipenser fulvescens)) have motivated control agencies to pursue alternatives to poisoning (Christie and Goddard 2003) . The recent discovery that pheromones regulate specific migratory and reproductive behaviors of the sea lamprey has prompted much interest in testing their potential as a nontoxic and cost-effective alternative to lampricides . Although pheromones have been employed for over 30 years to control insect pests, this represents the first attempt to use vertebrate pheromones as part of an integrated pest management strategy.
Sea lampreys employ two pheromones to facilitate completion of their life cycle. In the spring of their last year of life, adult sea lampreys undertake nocturnal migrations into streams to spawn, attracted by a potent pheromone released by stream-resident, conspecific larvae (Sorensen et al. , 2005 . Presumably, this cue is an indicator of suitable rearing habitat that facilitates the process of stream-finding but does not result in natal homing (Sorensen and Vrieze 2003 and references therein) . Migrating males typically arrive on the spawning grounds before females and establish nests. During the final stages of maturation (spermiation), male lampreys begin to release a sex pheromone that is highly attractive to ovulating females, signaling both reproductive readiness and nest location to potential mates (Li et al. 2002) . Recent investigations aimed at understanding the behavioral responses of lampreys to these pheromones suggest three features of the system that make it useful for control: (i) small quantities of either pheromone elicit powerful behavioral responses; (ii) the pheromone cues remain active over large distances; and (iii) the compounds (or their analogs) may be synthesized at reasonable cost . Twohey et al. (2003) hypothesized that as with insects, sea lamprey pheromones may be most effective as attractants to enhance the efficacy of traps. Here, we report the findings of two field experiments. The first was to determine (i) whether small additions of migratory pheromone would attract migrating adults to barriers in a natural stream and (ii) whether directing pheromone through a barrier-integrated trap would result in more captures vs. an adjacent, unbaited trap. In a second experiment, we sought to determine whether baiting freestanding traps in spawning grounds with spermiating males would effectively capture ovulating females. Johnson et al. (2005) recently demonstrated that ovulating females were attracted to male-baited traps in the absence of competing signals. We baited three traps with one, five, or ten spermiating males in two configurations to investigate how the quantity and spatial distribution of multiple sex pheromone signals would affect our ability to trap ovulating females. Together, these experiments constitute the first field test of management tactics that employ vertebrate pheromones.
Materials and methods

Migratory pheromone experiment
The sea lamprey migratory pheromone has three known components: petromyzonamine disulfate (PADS), petromyzosterol disulfate, and petromyzonal sulfate, which can be extracted from larval holding waters (Sorensen et al. 2005 ).
We collected the whole pheromone from~10 000 captive larvae using absorbent resins and established laboratory protocols (Sorensen et al. 2005 ; J.M. Fine, Department of Fisheries and Wildlife, University of Minnesota, St. Paul, MN 55108, USA, personal communication). Briefly, over a 5-month period we twice weekly turned off the water flowing into larval holding tanks for 24 h to accumulate odorants. To extract the pheromone, we pumped the holding tank water through 1 m long columns containing acrylic ester resin (XAD) at a rate of 0.5-1 L·min -1 , eluted the columns with methanol, and concentrated the solution by roto-evaporation at 35°C. The final extract was stored at -80°C until use. We measured only the concentration of PADS using mass spectrometry (the dominant and most active component; Sorensen et al. 2005) , but have since verified that the other components were present in the expected proportions (J.M. Fine, personal communication).
On eight nights during the period 20 May -11 June 2004, we quantified the differential attraction of sexually immature, migratory-phase sea lamprey into two similarly sized branches of the Trout River, a small tributary to Lake Huron in Michigan. The study area was located upstream of a lowhead dam, and pre-experiment electrofishing surveys confirmed the absence of larval lampreys in or above the two branches. We enclosed a 200 m reach of the Trout River (150 m below the confluence with Klee Creek and 50 m above) with block nets and installed mesh barriers at the upstream ends. Each of the upstream barriers was fitted with two standard lamprey assessment traps. Twelve hours before the start of a trial, a new group of 20 lampreys (10 males + 10 females) fitted with passive integrated transponders (PIT tags) were placed into a holding cage at the bottom of the study area. We placed paired PIT detectors 50 m upstream of the holding cage (to determine how many lampreys moved upstream) and 15 m upstream of the confluence in each branch (to ascertain stream selection by each lamprey). One hour before sunset, the pheromone extract was pumped into one branch at the rate necessary to achieve a fully mixed concentration of 5 × 10 -13 mol·L -1 of PADS. The branch receiving the pheromone was alternated on consecutive trials. To determine whether the pheromone could be used to effectively guide the lampreys into a trap, we added the pheromone directly into one of the two barrier-integrated traps, alternating between left-and right-bank traps in the treated branch between trials. At sunset, the lampreys were released and their passage across PIT antennas was monitored for 6 hours. We analyzed branch choice by fitting a main effects analysis of variance (ANOVA; STATISTICA 7.0, StatSoft Inc., Tulsa, Oklahoma) with pheromone (presence or absence), which branch was treated (Trout or Klee), and date (four equal periods) as design variables, and first branch entered as the response variable. We also tested for sex-related differences in branch choice with a χ 2 test. Differences in trap captures within the treated branch (treated trap vs. control trap) was tested with a Student's t test (N = 7). The final trial was excluded from the t test because of low water that prevented lampreys from entering the treated trap.
Sex pheromone experiment
In a 150 m section of the Ocqueoc River (Presque Isle County, Michigan), we placed three traps baited with spermiating male lampreys (1 vs. 5 vs. 10) in either a crosschannel array (N = 6) or a longitudinal array (N = 4). Spermiating male lamprey are known to produce a pheromone, a principal component of which is 3-keto-petromyzonal sulfate (Li et al. 2002) . To ensure the absence of competing pheromone signals, we located the study reach upstream of a permanent barrier in suitable spawning habitat. We fitted the three standard sea lamprey assessment traps with a small holding cage on the upstream end to house the spermiating males. During the cross-channel trials, we anchored the traps over a small cobble riffle, with approximately 2 m gaps between each trap and randomly assigned bait levels among the traps. During the longitudinal trials, we fixed the sequence with increasing bait moving upstream (one male, then five males, then ten males) to determine whether ovulating females would bypass a weak signal in preference for a stronger signal upstream. The traps were placed 10 m apart in the center of a straight portion of the stream with homogenous sandy substrate. Twelve hours before the start of each trial, we placed a new group of 10 ovulated female lampreys equipped with dorsal fin tags into a holding cage at the downstream end of the study area to acclimate to stream conditions. Following the acclimation period, the lampreys were released and left at large for 12 h. At the end of each trial, we emptied the traps and recorded the number and identity of each captured female. We analyzed for a main effect of bait level on trap capture success with one-way ANOVAs (STATISTICA 7.0, StatSoft Inc.).
Results and discussion
Migratory pheromone
Low concentrations of migratory pheromone in one branch of the Trout River were sufficient to attract 90% of actively migrating lampreys (Fig. 1a) . On average, the pheromonetreated stream attracted 13.0 ± 1.3 lampreys (mean ± 1 standard error, SE), whereas the control stream only attracted 1.5 ± 0.5 lampreys. The remaining lampreys either did not move upstream (2.1 ± 1.0 lampreys) or stopped below the confluence of the two branches (3.4 ± 0.8 lampreys). There were no sex-related differences in the number of animals choosing either the treatment or control stream (χ 2 = 1.34, degrees of freedom (df) = 1, N = 116, P = 0.25), and migratory pheromone presence was the only significant explanatory variable in the main effects ANOVA (F = 65.5, df = 1,10, P < 0.0001). Which branch was treated (F = 0.07, df = 1,10, P = 0.80) and date (F = 1.42, df = 3,10, P = 0.29) were nonsignificant factors. Slightly more than half of the migrating lampreys that chose the pheromone-treated branch were captured by one of the two traps (Fig. 1b) . The pheromone-baited trap was responsible for 74% of the captures, averaging 5.0 ± 1.3 lampreys per trial (mean ± 1 SE) vs. 1.7 ± 0.4 lampreys in the adjacent, unbaited trap (t test: t = 2.18, df = 6, P = 0.03).
During the study period, discharges ranged from 0.11 to 0.32 m 3 ·s -1 in the treated branch. Using an estimate of 30 ng·h -1 of PADS production by larvae housed in the laboratory (J.M. Fine and P.W. Sorensen, unpublished data), our treatment would have approximated the pheromone production from a larval population numbering between 5000 and 14 000 individuals. This concentration was sufficient to both strongly motivate stream selection and to lure individuals into a trap. Although we did not directly observe the behaviors of individual lamprey during the night trials, concentration gradients may have played a role in regulating lamprey movements. The two strongest pheromone gradients would have occurred cross-channel, first at the confluence of the two branches and then at the barrier in the treated branch. Some insects are known to track pheromone plumes by "casting" back and forth to sample across pheromone filaments, and gradients in pheromone strength often elicit stronger behavioral responses than more homogenous signals (Sorensen 1996) . Sea lampreys have been observed vertically casting to locate river plumes , and this tactic may be important at multiple decision points during the migration. Mean ± 1 standard error of the number of sea lampreys (Petromyzon marinus) (a) attracted into the branch of the Trout River treated with pheromone (main effects, analysis of variance, P < 0.0001) and (b) captured by the trap in that branch through which the pheromone was introduced (vs. an adjacent, unbaited trap) (main effects, t test, P < 0.05). Both differences were significant.
Sex pheromone
Increasing the number of spermiating males used as bait in freestanding traps resulted in more captures when the traps were arrayed across the channel (ANOVA: F = 5.93, P = 0.01; Fig. 2a ), but not when arrayed longitudinally (ANOVA: F = 2.18, P = 0.17; Fig. 2b ). The overall capture rate was somewhat higher in the cross-channel trials (mean ± SE, 5.7 ± 0.7 captures) than the longitudinal trials (4.3 ± 0.3 captures). These values represent a 43%-57% trapping efficiency (vs. unbaited traps that do not capture ovulating females; Johnson et al. 2005) . Interestingly, the trap baited with a single male increased its capture rate from 3% of the total captures in the cross-channel array to 35% in the longitudinal array. In addition, the first two traps in the longitudinal array accounted for 88% of all captures, whereas the two similarly baited traps only accounted for 38% of the captures when placed cross-channel. In concert, these facts suggest the attractiveness of individual pheromone plumes was additive. Gradient strength may have also played a role in retaining lampreys in the vicinity of the first two traps in the longitudinal array. A searching female would have encountered a large change in signal strength when passing the second trap (i.e., moving from a 15-male plume to a 10-male plume) vs. a small reduction of only one male when passing the first trap.
Implications for sea lamprey management
In the Great Lakes, sea lamprey populations are currently suppressed in many spawning streams through the application of lampricides. However, there are over 450 such streams in the basin, and many have populations that are too small or too dispersed to treat cost-effectively, but remain large enough to substantially contribute to the parasite population (Jones et al. 2003 ). In addition, there is a strong desire to develop new alternative control techniques that will allow an overall reduction in lampricide use. Our results clearly demonstrate that pheromones can be effectively used to attract and capture sea lampreys at multiple points during the spawning migration and will enhance integrated pest management of sea lamprey in the Great Lakes. For example, in streams where trapping has proven effective, catch rates are often low or variable in years following removal of the larval population (Moore and Schleen 1980) . The addition of migratory pheromone to an existing barrier-integrated trapping system may increase capture efficiency and stabilize interannual variation in capture rates by ensuring a consistent signal strength is maintained in post-treatment years. Although this may ultimately recruit a larger spawning population below the barrier, sex pheromone-baited traps should prove effective at removing ripe females immediately prior to spawning. Similar attract and annihilate strategies have proven quite effective in managing many insect pests.
